ABSTRACT: Faecal pellet contents from Oikopleura vanhoeffeni and Calanus finmarchicus were examined in the spring, summer, fall and winter. Contents varied seasonally, resembling available particles in the water column. This indicated a temporal succession from a diatom-based food chain in the winter and spring to one based on the microbial loop in the summer and fall. Bacteria, cyanobacteria, Anabaena sp., choanoflagellates, ciliates, and heterotrophic dinoflagellates were found in the faeces, suggesting a direct link between the microbial loop and both crustaceans and pelagic tunicates.
INTRODUCTION
Primary production by phytoplankton and bacteria forms the basis of all aquatic food webs. Composition of the phytoplankton community in coastal, temperate waters varies seasonally, from a predominance of large, chain-forming diatoms in the wlnter and spring to dinoflagellates, protozoans and nanoplankton in the summer and early fall (Smayda 1980 , Marshal1 & Cohn 1983 , Marshal1 1984 , Veldhuis et al. 1988 , Nielsen & Richardson 1989 . This results in a succession from a diatom-based food chain in the winter and spring to one based on the 'microbial loop' in the summer and fall. However, interactions between phytoplankton, bacteria, protozoans and zooplankton are not well understood. How and to what extent are microbial food webs linked to metazoans? Are small plankton energy links (i.e. prey) or sinks (i.e. decomposers)? Does the nature of this linkage vary seasonally in coastal Newfoundland, Canada, waters that are dominated by the sub-arctic Labrador current?
seasonally. This paper reports on a descriptive study, ilustrating seasonal changes in faecal pellet contents. The content of the faeces determines their primary density and nutrient content (Urban et al. in press) . Also, it provides information on the structure of the zooplankton food web and on the seasonally changing role of different organisms in energy flow.
MATERIALS AND METHODS
Oikopleura vanhoeffeni was collected in 400 m1 glass jars by SCUBA divers in March, June and November 1990, and January 1991, from Logy Bay, insular Newfoundland, Canada. Immediately after collection the jars were placed in a flow-through seawater bath in the laboratory. After a period of l to 12 h the houses were shaken to release pellets trapped inside. The house and animal were then rem.oved and the remaining water was poured through a 20 pm nitex filter to collect pellets.
Fresh, intact pellets were removed from the filter and pipetted into a beaker with distilled water. This water containing the pellets was then passed through a 0.45 pm nylon filter (13 mm in diameter, Micron Separations Inc., Westboro, MA, USA ). The filter with attached pellets was put through an ethanol dehydration series (50 %, 70 %, 85 %, 95 %, 100 %), and criticalpoint dried (Turner 1984) . After critical-point d.rying, 50 % of the pellets were pulled in half using doublesided tape before being mounted and coated with gold. Pellet contents were viewed on a Hitachi S 570 scanning electron microscope (SEM) with the upper detector set at 15 kV and an 8 mm working distance.
Calanus finrnarchicus was collected from Conception Bay, Newfoundland, in April, July and September 1990, from oblique hauls with a 0.5 m plankton net fitted with 350 pm nylon mesh (Nitex) and a closed cod end cup. The net wa.s lowered to 200 m, towed for 1 min, and then retrieved at a rate of 13 m min-' Cod end contents were emptied into a bucket containing water from the subsurface chlorophyll maximum (SCM). Within 3 h, adult C. finmarchicus females were removed from the bucket and placed in a large PVC cup with a bottom of 505 pm nitex mesh. The cup was suspended in a bucket containing water from the SCM and incubated in the laboratory at ambient seawater temperature (-1 to 10 "C) for 1 to 12 h. At the end of the incu.bation period the PVC cup was removed from the bucket and the water was passed through 20 pm nitex mesh to collect all faecal pellets. Pellets were removed from the filter by pipet and prepared for SEM as above for Oikopleura vanhoeffeni.
In each season, 6 to 8 faecal pellets from both Calanus finmarchicus and Oikopleura vanhoeffeni were examined at 3000X using SEM. 3000 to 5000 fields were scanned on 0, vanhoeffeni pellets (average pellet area was 9.73 X 105 pm2), and 500 to 700 fields were scanned on C. finmarchicus pellets (average pellet area was 1.42 X 105 pm2). Photomicrographs were made of all phytoplankton species that appeared in > 20 % of the fields and of those that were unique or rare. Intact cells were measured to the nearest 0.1 pm, and were identified to genus and/or species when possible. Taxa that appeared in > 50 % of the fields were tabulated as 'abundant', those that appeared in 20 to 50 % as 'common', and those that appeared in < 20 % 'rare'.
When Calanus finmarchicus was collected, 180 m1 samples were taken from the SCM for floristic analysis. Cell samples were stained with Lugol's iodine and fixed in 5 % borate-buffered formaldehyde in seawater. l 0 to 50 m1 samples were allowed to settle for 48 h, followed by identification and c0untin.g at 20 and 40X using a Zeiss Axiovert 35 inverted microscope with phase contrast. The whole slide was viewed at 20X and all cells >20 pm were counted, except in April where 2 across-diameter tracks allowed for more than 200 cells to be counted. Two across-diameter tracks were counted at 40X for cells < 20 pm, with a total of 2 200 cells counted per sample (Utermohl 1958) .
RESULTS
A complete species list of the contents identified from the faecal pellets of Calanus finmarchicus and Oikopleura vanhoeffeni is given in Tables 1 & 2. The contents for both faecal pellet types followed similar seasonal variations. Direct comparisons between the contents of the faeces for the 2 species of zooplankters cannot be made since they were collected at different times and from different sites.
Spring
In March, Oikopleura vanhoeffeni faeces were filled with diatoms ( Fig. 1) and chrysophytes (Fig. 2) . Dinoflagellates, silicoflagellates, coccolithophonds, choanoflagell.ates, cillates and bacteria were 'rare' Many cells were intact and diatom chains were observed. Cells ranged from 0.7 to 183 pm in least dimension in valve view, with most c 10 Irn in size.
In April, broken diatom frustules ( Fig. 3 ) dominated the contents of Calanus finmarchicus faeces, including Skeletonema costatu.m (Fig. 4 ) , Chaetoceros spp., Thalassiosira spp. and Fragillanopsis spp. Intact cells ranged from 5 to 18 pm in least dimension. Chrysophyte and dinoflagellate remains were 'rare' The water sample was dominated by diatoms, primarily Thalassjosjra spp. and Chaetoceros spp. (Table   3 ). Unidentifiable spheres < 2 pm in diameter were copious, followed by choanoflagellates and chrysophytes. Ciliates and dinoflagellates were scarce. Total cell number was 1.58 X 106 1-'.
Summer
Broken and unidentifiable diatom frustules dominated faecal pellet contents of Oikopleura vanhoeffeni in the end of May and beginning of June (Fig. 5 ) . Individual cells ranged from 1 to 167 pm in least dimension in valve view. Dinoflagellate fragments were 'common' (Figs. 6 & 7) .
In the end of June and early July, the pellet contents of Calanus finmarchicus were diverse. Broken diatom frustules were 'abundant' (Fig. 5 ) , but bacteria, choanoflagellates (Fig. 8) , cyanobacteria (Anabaena sp.), dinoflagellates (Fig. 6) , and diatom cysts were 'common'. Intact cells ranged from 1 to 44 pm in least dimension.
Particles in the water were dominated by macroscopic flocs of 'marine snow' (Table 3) . Few intact diatoms were present. Spheres < 2 pin in diameter spp., choanoflagellates and ciliates were present. Total Dinoflagellates (Fig. 12) , silicoflagellates ( Fig. 13 ), cell number was 1.91 X lo5 I-'. euglenoids (Fig. 14) , chrysophytes, xanthophytes (Fig. 15 ), diatoms and coccolithophorids (Fig. 16) were 'abundant', with many partially broken cells. Intact cells ranged from 0.9 to 57 pm in least dimension. Fall
In September, Calanus finmarchicus faeces were dominated by nanoplankton, including ciliates (Fig. g ), bacteria, cyanobactena (Fig. 10) , choanoflagellates (Fig. l l ) , unidentifiable cysts, cryptomonads, dinoflagellates and chrysophytes. Cells ranged from 0.5 to 87 ,pm in least dimension. Small diatoms were 'rare'.
Chrysophytes and unidentifiable spheres < 2 l m in diameter dominated the cells in the SCM (Table 3 ). Small (< 15 l m ) and large (> 20 pm) ciliates were plentiful, as were choanoflagellates, gymnodinoid dinoflagellates and marine snow. Total cell abundance was 3.13 X lo5 1-'.
In November, diverse nanoplankton species domi-
Winter
Diatoms, including Skeletonema costatum, Chaetoceros spp. (Fig. 17) and Arcoce1lulus cornucervis (Fig. 18) , and coccolithophorids (Fig. 19) were the main components in the faecal pellets of Oikopleura vanhoeffeniin January. Chrysophytes, dinoflagellates, choanoflagellates and ciliates were 'common' (Fig. 20) . Small cells appeared to be intact but many larger cells and chain-forming diatoms were cracked. Intact cells ranged from 1 to 66 pm in least dimension. Figs. 5 to 8. Ojkopleura vanhoeffeni and Calanus fjnmarchlcus. Summer faecal content Fig. 5 . Broken diatoms, common to both faeces types. Scale bar = 2 pm. Fig. 6 . Prorocentrum sp., d~noflagellate. Scale bar = 2 pm. 
DISCUSSION
Causes of seasonal differences in faecal pellet content A seasonal succession of phytoplankton and microbes occurs in coastal Newfoundland waters (Hollibaugh & Booth 1981, McKenzie unpubl.) . Large, chain-forming diatoms dominate phytoplankton biomass and numbers during the spring bloom in Newfoundland waters (Table 3) . These autotrophic species deplete dissolved silica in surface waters by the end of May, resulting in a 200-fold decrease in datom concentration by June and early July ( Table 3) . Bacterial activity is suppressed during the bloom due to low temperature and substrate levels (Pomeroy & Deibel 1986 , Pomeroy et al. 1991 . Phagotrophic and mixotrophic organisms are found in all seasons, though they predominate in the summer and fall as components of the microplankton and nanoplankton communities (Stoecker et al. 1989 , Paranjape 1990 ). In our samples, unarmored dinoflagellates and ciliates together made up 12 and 9 O/o of the cell numbers in the summer and fall, respectively (Table 3) . Thus, bacterial numbers and heterotr0ph.i~ flagellate biomass track the seasonal cycle of water temperature, cvhich peaks in the late summer and early fall (Powell et al. 1987 ). In the late fall and w.inter, single-cell diatoms become abundant (McKenzie unpubl.), most likely in response to increased vertical transport of essential, inorganic nutrients due to destabilization of the water column.
The seasonal succession of phytoplankton and microbes is reflected in the changing composition of the faeces of Oikopleura vanhoeffeni and Calanus finmarchicus. Diatoms are the primary component of both animals' faeces in the winter and spring (Fig. 21) , especially chain-forming Skeletonema costa-
Calanus finmarchicus April July Septern ber Month of Sample derived from fragmented diatoms. We have not attempted to quantify the relative importance of armored vs unarmored or autotrophic vs heterotrophic plankters as a food source for copepods and appendicularians.
A changing food web: links to the microbial loop
The faecal pellet contents of Oikopleura vanhoeffeni and Calanus finmarchicus follow a similar pattern. They are filled with predominately large (> 20 pm) autotrophic species in the spring and heterotrophic nanoflagellates and bacteria in the fall (Fig. 21) , thus showing seasonal 1 0 0 shifts in the zooplankton food web structure (Fig. 22 ). The inclusion of a variety of taxonomic groups and the ingestion of tions indicate that C. finmarchicus ingests non-phytoplanktonic, 'colorless' food particles, generally overlooked in laboratory turn, Chaetoceros spp., Thalassiosir-a spp, and Frafeeding studies and energy flow models. Marine snow gillariospis spp. (Figs. 1, 3 & 17 ). An assortment of is absent during the spring, but makes up 36 and 7 O/o heterotrophic nanoplankton species (ciliates, choanoof total particles in the summer and fall, respectively flagellates and gymnodin~ods) fi.11 the faeces in the (Table 3) . Since these aggregates are large ( 1 5 0 pm), fall (Figs. 9-16 & 21) Also abundant are amorphous they along with attached bacteria and nanoplankters mucous blobs which may be the remains of soft-bodied may be ingested by C. finmarchicus, incidentally plankters or marine snow. The large numbers of creating an avenue of vertical flux of bacterial biomass. broken diatoms in the faeces in summer (Figs. 5 & 21) , This could also help explain the controversy over exthe few intact diatoms found in the water column ternal vs internal pellet decay (Honjo & Roman 1978, ( In the fall Note Presumdbly a llne should connect cyanobacteria with tun~cates, though no e v~d e n c e of t h~s was found In our study due to the difference of h a b~t a t s of Olkopleura vanhoeffenl (0 "C) and cyanobacter~d (2 6 "C) those particles present in greatest abundance (Cowles 1979 , Ishimaru et a1 1988 Particles < 10 ,pm have been found in C finmarchlcus faeces (Huntley 1981 , Ishlmaru et a1 1988 , indicating that although they are not able to filter particles of this size efficiently (Nival & Nival 1976 ), they may be ingested when they are abundant and/or trapped within marlne snow aggregates There are repoits of copepods and euphauslids eating clliates, tintinnids, choanoflagellates, heterotrophlc dinoflagellates and coccolithophorids (Berk et a1 1977 Honjo & Roman 1978 , Turner 1984 , Marchant & Nash 1986 , Tanoue & Hara 1986 , Ishimaru et a1 1988 , implying direct removal of biomass from the microbial loop In the fall samples from our study heterotrophlc nanoflagellates and bacterla were found in ca 75 % of the flelds viewed per pellet w h~l e autotrophic diatoms, dinoflagellates and cyanobacteria were found in ca 35 % of the fields vlewed per pellet (Fig 21) , indicating the seasonal importance of the mic~obial loop to copepods Azam et a1 (1983) defined the n~icrobial loop as the interaction between bacteria, flagellates and mlcrozooplankton. Choanoflagellate remains were found in the faeces of both Oikoplleura vanhoeffenl and Calanus finrnarchicus (Figs. 8 , l 1 & 21) . These nanoplankton are considered to be important bacteriovores (Sherr et al. 1986 ) and represent a direct link between macrozooplankton and the microbial loop. The lorica was frequently broken in our samples and the remains were often difficult to recognize. This fragility may explain the relatively few reports of choanoflagellate remains in fecal pellets of macrozooplankton.
Heterotrophic dinoflagellates are another important grazer on bacteria and phytoplankton and are an important food source for copepods (Klein Breteler 1980) . Protoperidinium depressum has been reported to feed on bacteria (Lessard & Swift 1985) , and many unarmored dinoflagellates are phagotrophic and form important links in food chains (Kimor 1981 , Odate & Maita 1990 ). Both P. depressurn (Fig. 7) and unarmored dinoflagellates were found in the faecal pellets of Calanus finmarchicus and Oikopleura vanhoeffeni.
It is axiomatic that ciliates and phagotrophic protozoans represent the main link between microheteroti-ophs and copepods (Porter et al. 1979 , Sherr et al. 1986 ). However, our observations indicate that both copepods and appendicularians are able to feed on bacteria, heterotrophic nanoflagellates and ciliates ( F~g s .
8 to 1 l ) , and thus are capable of mediating a flow of energy out of the microbial loop.
